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COP1 Contributes to UVB-Induced Signaling in
Human Keratinocytes
A´gnes Kinyo´1, Zsuzsanna Kiss-La´szlo´2, Szabolcs Hambalko´1, Attila Bebes1, Ma´ria Kiss1, Ma´rta Sze´ll3,
Zsuzsanna Bata-Cso¨rg +o1,3, Ferenc Nagy4,5 and Lajos Keme´ny1,3
UVB irradiation has been shown to trigger a broad range of changes in gene expression in human skin;
however, factors governing these events are still not well understood. In this study, we show that human
constitutive photomorphogenic protein-1 (huCOP1), an E3 ligase, contributes to the orchestration of UVB
response of keratinocytes. Accordingly, our data show that (i) huCOP1 protein is expressed both in the nucleus
and in the cytoplasm of cultured keratinocytes, (ii) UVB reduces the levels of the huCOP1 mRNA and protein,
and (iii) induces changes in the subcellular localization of huCOP1. Finally, we show that gene-specific silencing
of huCOP1 induces the accumulation of the tumor suppressor p53 protein, which is further increased after UVB
irradiation.
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INTRODUCTION
UVB light is one of the most important physical carcinogens
in the environment, and the skin is its main target. In
keratinocytes, UVB irradiation changes the expression of
many genes (Sesto et al., 2002), including the nuclear
phosphoprotein, p53. This tumor suppressor functions as a
transcription factor and has a central role in orchestrating the
stress response in keratinocytes (Decraene et al., 2005). p53
protein levels increase in both murine and human keratino-
cytes treated with UV light (Perry et al., 1993) and its
expression has been shown to be regulated by a plethora of
upstream regulatory proteins (Yang et al., 2006). The main
antagonists of the human tumor suppressor, p53, are the
murine double minute-2, p53-induced RING-H2, and
huCOP1 (human constitutive photomorphogenic protein-1)
E3 ubiquitin ligases (Corcoran et al., 2004). In this study, we
have investigated the possible function of huCOP1 in
regulating p53 expression in cultured human keratinocytes
before and after UVB irradiation. COP1 has been first
described in plants and in Arabidopsis thaliana AtCOP1
(Arabidopsis thaliana constitutive photomorphogenic pro-
tein-1) was defined as a central negative regulator of
photomorphogenesis (Yi et al., 2002). AtCOP1 functions as
an E3 ligase, interacts with a number of basic leucine zipper-
type transcription factors and promotes their ubiquitin-
dependent degradation. The subcellular distribution of
AtCOP1 is adjusted according to light conditions (von Arnim
and Deng, 1994; Yi and Deng, 2005). The huCOP1 ubiquitin
ligase has been found to directly promote ubiquitin-depen-
dent p53 degradation by the 26S proteasome. Similar to
AtCOP1, mammalian COP1 (Yi et al., 2002) and huCOP1 are
also present in the nucleus and the cytoplasm of COS7 cells,
respectively (Bianchi et al., 2003). Oravecz et al., 2006 has
recently reported that AtCOP1, in stark contrast to its negative
regulatory function in the visible part of the spectrum, acts as
a positive regulator of UVB-induced signaling in plant cells
and that UVB irradiation promotes the accumulation of
AtCOP1 in the nucleus. These data indicate that at least
AtCOP1 is a multifunctional E3 ligase, and that its subcellular
distribution and substrate specificity is wavelength specific.
In human keratinocytes that are permanently exposed to
UVB, the role of the huCOP1 protein has not yet been
characterized. In this study, we report that huCOP1 is
expressed in human keratinocytes, and that it negatively
regulates p53 and its subcellular distribution and expression
level changes in responses to UVB irradiation. Taken
together, these results suggest that the huCOP1 protein
participates in an autoregulatory feedback loop in keratino-
cytes that serves to control p53 function in response to
UVB light.
RESULTS
Expression and subcellular localization of COP1 in normal
human cultured keratinocytes
First, we showed by reverse transcription (RT)–PCR and
western blot hybridization assays that normal human
cultured keratinocytes express COP1 mRNA and protein
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(Supplementary Figure S1). Next, we determined the
subcellular localization of the COP1 protein by immuno-
cytochemistry. Figure 1b illustrates that the COP1 protein is
detectable both in the cytoplasm and in the nucleus in
unstressed conditions. Compared with the control cells
(Figure 1a), the bulk of the immunofluorescence staining of
COP1 is restricted to the nucleus and only mild positivity is
visible in the cytoplasm.
COP1 expression decreases on genotoxic stress
COP1 mRNA expression decreases after UVB irradiation in
keratinocytes. To determine the highest non-lethal dose of
UVB, we irradiated keratinocytes with 0, 10, 20, 40, and
60mJ cm2 UVB light. The dose-dependent changes of COP1
mRNA expression were detected (Figure 2a) and viability of
treated cells was analyzed by MTT assay (data not shown).
We found that 40mJ cm2 was the highest non-lethal UVB
dose, and therefore we applied it on the subconfluent
cultures. To measure the kinetic changes of COP1 mRNA
expression, keratinocytes were harvested at various time
points (0, 6, 12, and 24 hours) after exposure to UVB (n¼ 3)
and the COP1 mRNA expression was determined by RT–PCR.
Figure 2b shows that the COP1 mRNA levels started to
decline within 6 hours after UVB exposure, decreased further
to an almost undetectable level after 12 hours, and slowly
returned to a higher level approaching the normal value in
24 hours (Figure 2b).
UVB irradiation decreases the COP1 protein level in
keratinocytes and alters its subcellular localization. We
determined the abundance of the COP1 protein in keratino-
cytes (n¼6) at various time points (0, 6, 12, and 24 hours)
after irradiation with 40mJ cm2 UVB. Figure 3a illustrates
that UVB induced a gradual decrease of the
COP1 protein. This figure also shows that the abundance of
the COP1 protein, in contrast to COP1 mRNA, reached
the minimum level at 24 hours after UVB treatment.
We applied immunofluorescence microscopy to determine
the subcellular changes of COP1 associated with the sum
changes of COP1 protein expression level on UVB irradia-
tion. Quantitation of immunofluorescence staining showed
that treatment with 40mJ cm2 UVB affects COP1 expression
both in the nuclei and in the cytoplasm to approximately the
same extent (Figure 3b). However, we note that in the
cytoplasm we observed a marked perinuclear COP1 staining
in UVB-irradiated keratinocytes (Figure 3c).
Upregulated p53 protein expression is further increased by
UVB irradiation in gene specifically silenced COP1 cells. To
elucidate the role of COP1 in regulating p53, we first
determined the p53 protein levels in cells in which
expression of COP1 was specifically silenced by shCOP1
RNAs following nucleo-transfection. Western blot experi-
ment revealed that expression of shCOP1 RNAs resulted in
Figure 1. Subcellular localization of constitutive photomorphogenic
protein-1 (COP1) in normal human keratinocytes. Keratinocytes were grown
on culture slides. Slides were fixed in 2% paraformaldehyde and incubated
with (a) the mix of COP1 blocking peptide and anti-COP1 antibody in a ratio
of 3:1 as control for immunostaining; (b) anti-COP1 antibody to determine
COP1 protein. FV 1000 confocal microscopes were used for detection.
(a) Staining was not detected on control slides, (b) COP1 protein appears both
in the nucleus and in the cytoplasm of keratinocytes. A marked amount of the
COP1 protein is presented in the nuclei compared with the nuclei of cells on
the control slide. Bar¼ 25mm.
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Figure 2. Constitutive photomorphogenic protein-1 (COP1) mRNA
expression in keratinocytes after UVB irradiation. COP1 mRNA level was
determined by real-time reverse transcription (RT)–PCR. (a) Dose-dependent
changes of COP1 mRNA expression of keratinocytes after UVB irradiation.
Normal human keratinocytes were irradiated with increasing doses of UVB
(0, 10, 20, 40, and 60mJ cm2), and cells were harvested 12hours after UVB
exposure. The mRNA expression of COP1 was presented after normalization
to 18S. Relative expression was compared with the expression of non-
irradiated control cells. Values are the mean±SE of three independent
experiments. (b) COP1 mRNA expression of keratinocytes after UVB
irradiation. COP1 mRNA abundance was detected at various time points
following 40mJ cm2 UVB exposure. Relative expression was compared with
the expression of a 0 hour sample. Values are the mean±SE of three
independent experiments.
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depletion of the COP1 protein and a significant upregulation
of the p53 protein, compared with mock-transfected cells
(Figure 4). Next, we investigated the effect of UVB irradiation
in shCOP1-transfected keratinocytes, and treated them with
40mJ cm2. In these experiments, we monitored the intra-
cellular levels of COP1 and p53 proteins 24 hours after
irradiation. Figure 4 clearly shows that UVB irradiation
further decreased the level of the COP1 protein, whereas
expression of p53 showed an additional increase. After this
finding, we conclude that COP1 silencing and UVB irradia-
tion have additive effects on p53 protein accumulation.
DISCUSSION
Constitutive photomorphogenic protein-1 is well conserved
across species: it is essential for normal photomorphogenesis
in plants (Osterlund et al., 2000), and it was also detected in
mammalian cells (Yi et al., 2002; Bianchi et al., 2003; Wertz
et al., 2004; Dornan et al., 2004b). COP1 acts as a
multifunctional ubiquitin ligase in plants and targets key
transcription factors for proteasome-dependent degradation
(Suzuki et al., 2002; Yi et al., 2002; Mazzucotelli et al.,
2006). Initial characterizations showed that mammalian
COP1, similar to its plant counterpart, is indeed involved in
ubiquitination and is itself a substrate of its own ubiquitina-
tion activity (Yi et al., 2005).
To elucidate the biological function of COP1 in human
keratinocytes, we investigated its expression in response to
UVB light. In this study, we found that the COP1 mRNA level
showed a biphasic response to UVB. It is decreased early
after UVB irradiation, and a slow increase was appreciable
after many hours. In contrast to the biphasic mRNA profile,
the COP1 protein level displayed a slow and steady but
marked decrease. In an earlier study, UVC stress induced
an increase of the COP1 protein level both in HeLa and
U2OS cells, although the COP1 mRNA showed the same
similar biphasic response as in keratinocytes (Savio et al.,
2008). These observations indicate that UV irradiation
differentially affects the COP1 protein levels in human
keratinocytes and cancer cells. In this context, we note that
short IR treatment also leads to decreasing COP1 protein
levels in human fibroblast. This process is ATM kinase-
mediated and includes site-specific phosphorylation of
COP1 followed by auto-ubiqitination and degradation
(Dornan et al., 2006).
In the absence of UVB, immunofluorescence staining of
COP1 showed intensive positivity mainly in the nucleus as
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Figure 3. COP1 protein expression and its subcellular localization in
keratinocytes after UVB irradiation. (a) Normal human keratinocytes were
irradiated with 40mJ cm2 of UVB light. Cells were harvested 24 hours
after UVB exposure. COP1 protein levels were assessed by western blot,
and identical levels of a-actin indicate equal loading of samples. (b) Detection
and analyzation of immunofluorescence staining was carried out with a
Tissue Facs device. To measure the extent of the nuclear and the cytoplasmic
staining of COP1, the Tissue Quest Analyzation (Tissue Gnostics, Vienna,
Austria) program was applied. The quantitative value of COP1 staining was
compared with control cells that were stained with the mix of COP1 blocking
peptide and anti-COP1 antibody in a ratio of 3:1. Values are the mean of
three independent experiments. (c) The subcellular localization of COP1 is
changed after UVB irradiation. For purposes of better visualization, we have
used grayscale images of COP1 staining. In Figure 3c we could see reduced
staining of COP1 in the cytoplasm and the nucleus of the keratinocytes
after UVB irradiation (b) compared with the untreated cells (a), and an
excess amount of COP1 protein formed a perinuclear ring (white arrows)
in the cytoplasm. For detection, an FV 1000 confocal microscope was used.
Bar¼25 mm.
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Figure 4. Silencing of COP1 mRNA expression induces p53 protein
accumulation in keratinocytes and UVB irradiation induces further p53
protein accumulation in shCOP1-nucleofected cells. Normal cultured
keratinocytes were nucleofected with the indicated small hairpin RNAs,
and a group of cells were irradiated by 40mJ cm2 UVB 72 hours after
nucleofection. Cells were harvested 24 hours after irradiation and protein
level changes of COP1 and p53 were detected by western blot. Identical
levels of a-actin indicate equal loading of samples. The non-irradiated
COP1-silenced cells (shCOP1) expressed a lower level of COP1
protein and a higher level of p53 protein compared with non-irradiated
mock-transfected cells (Sp). UVB irradiation of COP1-silenced cells (shCOP1)
resulted in a further increase in the p53 protein level compared with the
irradiated mock-transfected cells (Sp), whereas the level of COP1 protein
was the lowest in the irradiated COP1-silenced keratinocytes.
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described in mammalian cells (Yi et al., 2002; Bianchi et al.,
2003). UVB irradiation resulted in a similar decrease in the
COP1 protein both in the nuclei and in the cytoplasm, and
a marked amount of the protein was centered in the perinuclear
region of the cytoplasm. This means that in normal keratinocytes,
UVB irradiation caused not only a significant decrease in the
COP1 protein level but also the appearance of a notable
subcellular redistribution. UVB also induces subcellular redis-
tribution of AtCOP1 in plants. However, in Arabidopsis thaliana,
UVB increased the accumulation of AtCOP1 in the nuclei and
AtCOP1 has been postulated to positively regulate UVB
responses (Oravecz et al., 2006).
Dornan et al. (2004b) showed that COP1 is a negative
regulator of p53 in unstressed U2-OS cells and that the
depletion of COP1 by short interfering RNA stabilizes p53.
Our data show that the depletion of COP1 by small hairpin
RNA also increases p53 steady-state levels in unstressed
conditions, indicating that COP1 also has a negative
regulatory role on p53 in human keratinocytes.
Besides its regulatory function in unstressed keratinocytes,
our investigations revealed yet another stress-related role of
COP1. Irradiation of COP1-silenced keratinocytes with UVB
light resulted in an accumulation of the p53 protein that was
evident 24 hours after the irradiation. COP1 silencing and
UVB irradiation had an additive effect on p53 protein
accumulation. This indicates that the depletion of COP1
stabilizes the p53 protein both in unstressed cells and
UVB-irradiated cells and that the lack of COP1 may sensitize
keratinocytes to UVB-induced cell death. Taken together,
these results suggest that COP1 has an important role in UVB
response and fine-tuning of apoptotic processes of keratino-
cytes by regulating p53.
To clarify the exact role of COP1 in human cells needs
further investigations. As it was detected, huCOP1 is over-
expressed predominantly in wild-type p53-containing tumors
such as breast and ovarian cancers, and it indicates that one
of the major roles of COP1 is to repress p53-dependent tumor
suppression (Dornan et al., 2004a). If the function of huCOP1
is proved as an oncogene that promotes tumorigenesis in
wild-type p53-expressing cells, the intervention targeting
COP1 could provide new therapeutic opportunities in cancer
treatments (Dornan et al., 2004b).
MATERIALS AND METHODS
Cell culture
Skin biopsies were obtained from healthy individuals undergoing
plastic surgery; institutional approval, and patient consent for
experiments—in adherence to the Declaration of Helsinki Principle
guidelines—were received. After removal of the subcutaneous
tissue, skin biopsies were incubated overnight at 4 1C in Dispase
solution (Grade II, Roche Molecular Biochemicals, Mannheim,
Germany). The epidermis was separated from the dermis, and
epidermal cells were prepared using trypsin (0.25%). Human
epidermal keratinocytes were seeded in serum-free keratinocyte
basal medium (Gibco, Eggstein, Germany) supplemented with
L-glutamine and antibiotic/antimycotic solution containing penicil-
lin, streptomycin, and amphotericin B (Sigma, Steinheim, Germany).
Keratinocytes were grown at 37 1C in a 5% CO2 atmosphere.
The spontaneously immortalized human keratinocytes cell
line, HaCaT, was grown and maintained as described by Belso
et al. (2008).
Immunocytochemistry
Keratinocytes were grown on culture slides (BD Falcon, Bedford,
MA). Slides were fixed in 2% paraformaldehyde for 20minutes and
incubated with primary antibody, rabbit polyclonal antihuman
COP1 (Bethyl, Montgomery, TX) at a dilution of 1:5,000 in a
staining solution containing TBST (Tris-buffered saline containing
0.1% Triton-X) (Sigma) and 0.5% BSA (Sigma). Control slides were
incubated with the mixture of COP1 Blocking peptide (Bethyl)
and rabbit polyclonal antihuman COP1 antibody (Bethyl) in a ratio
of 3:1. After a rinse in TBS-Triton-X, sections were incubated
with Alexa Fluor 488-labeled secondary antibody (Invitrogen,
Carlsbad, CA) (dilution 1:800) for 3 hours, and then were stained
with 4-6-diamidino-2-phenylindole stain to detect nuclei. For
detection and analyzation, Tissue Facs (Tissue Gnostics, Wien,
Austria) and an FV 1000 confocal microscope (Olympus, Hamburg,
Germany) were used.
Constructs
The pSUPER vector system (Oligoengine, Seattle, WA) was used for the
transient expression of short interfering RNAs (Brummelkamp et al.,
2002). 53-nt-long oligonucleotides of COP1 (sense) 50-AGCTTcttgat
ttggccaatgtcaTTCAAGAGAtgacattggccaaatcaagttC-30 COP1 (antisense)
50-AgaactaaaccggttacagtAAGTTCTCTactgtaaccggtttagttcaaGAGCT-30
were cloned into the pSuperior.puro vector downstream of the
H1 promoter.
Nucleofection
For silencing the expression of the COP1 gene, one group of cells
was transiently transfected with a COP1 small hairpin RNA-
producing construct (shCOP1) and another group of cells with the
empty pSUPER vector (Sp). DNA for transfection was purified by the
Qiagen Plasmid Mini Kit (Qiagen, Hilden, Germany). Transfection
was carried out by nucleofection (Amaxa, Cologne, Germany), and
the Human Keratinocyte Kit (VPD-1002; Amaxa) was used for the
nucleofection of keratinocytes (Distler et al., 2005).
Transfection efficacy was detected using a plasmid encoding the
enhanced green fluorescent protein (Amaxa) by FACScalibur flow
cytometer (Becton Dickinson, San Jose, CA).
UVB irradiation
An FS20 lamp (Westinghouse, Pittsburgh, PA) was used as a
radiation source for UVB. This instrument emits radiation of
wavelength, ranging between 250 and 400 nm, peaking at 290 nm
(Grof et al., 2002; Novak et al., 2004). Our radiometry system was
the Optronic OL754 spectroradiometer (OPTE-E-MA, Martinroda,
Germany), and for calibration we used the OL752-12D2 lamp.
To determine the highest nonlethal dose of UVB, we irradiated
keratinocytes with 0, 10, 20, 40, and 60mJ cm2 of UVB light,
and viability of the treated cells was analyzed by MTT assay 24
and 48 hours after irradiation. We found that 40mJ cm2 was
the highest nonlethal UVB dose, and therefore we used it in the
subsequent experiments. For irradiation, the medium was removed
and keratinocytes were treated with 10, 20, or 40mJ cm2 of UVB.
After irradiation, 2ml keratinocyte serum-free medium was added
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to the cells. Samples for mRNA expression experiments were
collected 12 hours after irradiation and samples for protein expres-
sion experiments were collected 24 hours after irradiation.
Reverse transcription and quantitative RT–PCR
Total RNA was isolated from the cell cultures by a TRIzol reagent
(Invitrogen) 12 hours after UVB irradiation, following the instructions
of the manual. cDNA was generated with oligo(dT) and random
hexamer primers from 1mg of RNA using the iScript cDNA Synthesis
Kit (Bio-Rad Laboratories, Hercules, CA) in a final volume of 20 ml.
After reverse transcription, quantitative real-time PCR (Q-RT–PCR)
was performed to quantify the abundance of COP1 mRNA with the
RING-finger WD2 TaqMan Gene Expression Assay (Applera, Foster
City, CA) (cat. no. Hs00375437_m1). Real-time RT–PCR experiments
were performed as described by Belso et al. (2008).
Western blot analysis
Protein extracts were obtained and western blotting was carried out
as described by Nagy et al. (2008). After blocking, the membranes
were incubated overnight at 4 1C with purified rabbit polyclonal
antihuman COP1 antibody (Bethyl) and rabbit monoclonal anti-
actin antibody (Sigma-Aldrich, St Louis, MO). Alkaline phosphatase
conjugated anti-rabbit IgGs (Sigma-Aldrich) were used as secondary
antibodies at 1:2,000 dilution in the blocking buffer for 2 hours
at room temperature. The blots were developed by using 5-bromo-
4-chloro-3-indolyl phosphate/nitroblue tetrazolium as a substrate
(BCIP/NBT, Sigma-Aldrich).
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